Background and Purpose
Introduction
Every year in Korea, approximately 105,000 people experience new or recurrent stroke, and more than 26,000 people die of stroke. In other words, every 5 minutes, someone in Korea experiences a stroke, and every 20 minutes, a stroke-related death occurs. [1] Many epidemiological studies have linked meteorological factors or concentrations of air pollutants with ischemic stroke (IS). [1] [2] [3] [4] [5] [6] [7] [8] [9] Ozone (O 3 ) is the air pollutant most consistently projected to increase as a result of future climate change. [10] The increasing tropospheric concentrations of O 3 have received extensive attention around the world because of the related damage to human health and ecosystems. [11] [12] [13] [14] However, inconsistent and incomplete information has been reported on the relationship between IS occurrence and O 3 concentrations. Some studies [15] [16] [17] [18] [19] [20] [21] have asserted that IS occurrence is associated with O 3 , whereas other studies [22] [23] [24] [25] [26] have reported no association between them. However, none of those studies investigated the relationship between IS occurrence and O 3 levels using time-specific IS onset and diurnal variation of O 3 concentrations over 24-h periods. We hypothesized that diurnal variations of ozone concentration could affect ischemic stroke occurrence. In addition, because studies [2, 17, [27] [28] [29] have reported an association between IS occurrence and temperature and particulate matter less than 10 μm in aerodynamic diameter (PM 10 ), we also evaluated the effects of those factors on IS occurrence across 24-h periods.
Materials and Methods

Study area
The Seongdong district is in an urban section of Seoul in northern South Korea with a mean population of about 250,000. Hanyang University Medical Center is the sole regional tertiary hospital qualified to treat stroke in the Seongdong district. We previously reported the characteristics of the Seongdong district. [30] Patients within the study area can reach the Hanyang University Medical Center emergency unit within 15 minutes by car, and almost all emergency patients within the Seongdong district are transported to our hospital according to the guidelines of the Emergency Medical Services system.
Stroke registry and patients
We collected patient data retrospectively from the Hanyang University Medical Center Stroke Registry. In the end, we included a consecutive series of 1,734 patients from January 1, 2008, to December 31, 2014 (Fig 1) .
We included recurrent stroke patients because a previous study reported no differences in circadian variation in recurrent stroke compared with first stroke. [31] The Hanyang University Medical Center Stroke Registry (established in 2007) was designed for prospective research, and the registration system is well organized. The data quality, consistency, and accuracy of our registry are reliable because trained staff manage all data directly and consistently within a single hospital for various research purposes. A neurologist diagnosed IS based on clinical symptoms following the World Health Organization criteria, [32] as well as neurologic imaging using CT or MRI, in all cases. This study was approved by the institutional review board of Hanyang University Medical Center. Due to the retrospective nature of this study, the ethics committee did not require subsequent informed written consent of the included patients. However, we de-identified and anonymized patient records prior to analysis. stroke in patients, we used the time of perception or observation as the onset time (clear onset). However, when the precise onset time was not clear (unclear onset), mostly due to sleep, we investigated and recorded in our registration system the last time that a patient felt or was seen to be normal and the first time a patient felt or was seen to be abnormal. We excluded patients with time intervals of more than six hours between the last normal time and first abnormal time because we expected high levels of heterogeneity in the time of IS occurrence, air temperature, and pollutant concentrations when we redistributed those patients across more than six hours. In addition, we were afraid of losing too many patients to overnight sleep if we reduced the range of time intervals too far to enhance the reliability. We therefore divided unclear onset patients within 6 hours into 0:01 to 2:59 hours and 3:00 to 5:59 hours and redistributed them to the middle of the preceding pertinent time intervals.
Temperature and air pollution variables
We investigated hourly temperature data in the Seongdong district for the day of stroke occurrence in all cases for the 7-year study period. Then we registered the temperature at the time of stroke onset. In addition, we collected hourly mean temperatures for every month from January 2008 to December 2014 (S1 Table) . We obtained those data from the Meteorological Administration of South Korea (http://www.kma.go.kr). Similarly, we collected data on pollutants, including measures of PM 10 and O 3 in the Seongdong district, Seoul, for the 7-year study period from the Climate and Air Quality Management Division of South Korea (http://www. airkorea.or.kr).
Statistical methods
We present baseline characteristics of patient data as mean ± standard deviation and number/ percentage. We included patients with both clear and unclear onset (time interval 0-6h) in all analyses. We used the Chi-square test and one-way ANOVA to assess differences in the variables at 4-hour intervals.
We used descriptive statistics to describe the hourly incidence of IS and hourly measures of temperature, PM 10 , and O 3 at the time of stroke onset from January 1, 2008, to December 31, 2014.
We categorized temperature, PM10 and O3 variables for the time of day of stroke onset into quartile groups and lower and upper median groups based on average hourly temperature, PM10 and O3 for every month during the study period for each 4-hour time interval, to evaluate possible differences between temperature, PM10 and O3 of the time of day of stroke onset for each time interval and averaged those parameters for each time interval during the study period. Then we calculated the number of IS occurrences based on the quartile and lower and upper median groups for temperature, PM 10 , and O 3 stratified by 4-hour intervals. In addition, we divided the O 3 variable for the time of stroke onset into lower and upper median groups based on the average hourly O 3 for every month during the study period at 1-hour intervals.
We estimated the odds ratio (OR) with 95% confidence intervals (CIs) using multinomial logistic regression of IS occurrence for each 4-hour interval based on the lower and upper median groups for temperature, PM 10 , and O 3 to evaluate the association of those variables with IS occurrence (S3 Table) . We divided temperature, PM 10 , and O 3 at the time of stroke onset (in 4-hour intervals) into lower and upper median groups for the same intervals using the average hourly values for every month during the study period (S2 Table) . Then we calculated the ORs of the lower (coding = 1) and upper (coding = 2) median groups for temperature, PM 10 , and O 3 for each 4-hour interval compared with half of the total number of IS occurrences (coding = 0) for each interval.
We also divided the day into 4-hour intervals to identify potential differences in IS occurrence when comparing the temperature, PM 10 , and O 3 in each 4-hour interval with those in other time periods. Assuming that IS onset is not related to temperature, PM 10 , or O 3 for each 4-hour interval, we calculated the OR with 95% CIs, using uni-and multivariable binary logistic regression of IS incidence for each 4-hour interval. First, we categorized temperature, PM 10 , and O 3 at the time of stroke occurrence into the lower (coding = 0) or upper median group (coding = 1) as covariates for each 4-hour interval, based on the median and average hourly values for every month of the study period. Second, we coded 1 for the interval we wanted to calculate as a dependent variable and coded 0 for the other intervals. We first calculated the OR of IS occurrence using a univariate logistic regression model for each 4-hour time interval alternatively with covariates of median group variables (reference = lower median group) for temperature, PM 10 , and O 3 . We then estimated ORs with 95% CIs using a multivariate logistic regression model to adjust for possible confounders and considering p<0.05 as statistically significant.
All statistical analyses were performed using SPSS for Windows, version 22.0.
Results
We included 1,734 patients with IS; 373 patients (21.5%) in the 09:00-13:00-h interval and 355 patients (20.5%) in the 13:00-17:00-h interval. The average age of IS onset was 66.29 years, and 57.4% of patients were men. There were no significant differences between the time intervals and the prevalence of stroke risk factors except for the history of alcohol drinking (P = 0.022). Further descriptive data stratified by 4-hour intervals, including TOAST classification, history of risk factors, and recurrent stroke, are shown in Table 1 . Table 2 shows the number of IS patients with clear onset times within 6-hour intervals and the temperature, PM 10 , and O 3 at the time of stroke occurrence stratified by 1-hour intervals. In addition, we also present the median and quartiles 1 and 3 of hourly average temperature, PM 10 , and O 3 for every month during the 7-year study period stratified by 1-hour and 4-hour intervals as a reference (S1 and S2 Tables). Fig 2 shows the number of IS with clear onset and unclear onset ranges from 0-3 h and 3-6 h, all assigned within 2-hour intervals.
IS occurrence peaked during the period from 07:00 to 08:59, with 226 patients with clear onset, 16 with unclear onset within 3 hours and 27 with unclear onset between 3 and 6 hours.
Fig 3 presents time-specific IS onset patterns with data on temperature, PM 10 , and O 3 for the time of stroke onset divided into quartiles and medians for each 4-hour interval and O 3 for the time of stroke onset divided into medians for each 1-hour interval by the average hourly values for every month during the 7-year study period.
The upper median groups of temperature for each 4-hour interval show patterns of slightly higher IS occurrence than the lower median groups, whereas a tendency toward higher IS occurrence appears in the lower median group for PM 10 . We found a higher IS occurrence in We estimated ORs with 95% CIs for IS occurrence using a multinomial logistic regression model. We found a positive association between IS occurrence and the upper median group of O 3 (OR, 1.255; 95% CI, 1.021 to 1.510; P = 0.017) relative to half of the total number of IS onsets from 13:00 to 16:59 (S3 Table) . Table 3 shows ORs with 95% CIs for IS occurrence stratified by 4-hour intervals based on temperature, PM 10 , and O 3 . Each 4-hour interval contains a similar number of patients. There was a negative relationship between IS occurrence and O 3 concentration during the period from 05:00 to 08:59 (OR, 0.635; 95% CI, 0.492 to 0.819; P<0.001) after full adjustment. In the period from 13:00 to 16:59, we found a positive association between IS occurrence and O 3 concentration relative to the other time periods. The upper median group of O 3 from 13:00 to 16:59 was positively correlated with IS (OR, 1.550; 95% CI, 1.220 to 1.970; P<0.001) compared with the lower median group of O 3 . These data suggest that the upper median group of O 3 is associated with an approximately 1.5-fold higher risk of IS occurrence relative to the lower median group from 13:00 to 16:59 compared with the other time periods. In addition, this positive association between higher O 3 concentrations and IS occurrence from 13:00 to 16:59 was maintained after full adjustment for PM 10 , temperature, sex, age, and risk factors (OR, 1.515; 95% CI, 1.172 to 1.959; P = 0.002). A higher IS occurrence was observed in the higher ozone concentration only in the top-tier ozone concentration during the period from 13:00 to 17:00 compared to the other time periods. In the other intervals, IS occurrence was not significantly higher in the upper median group for ozone compared to the lower median group. In this study, we observed about a 1.5-fold higher risk of IS occurrence at an ozone concentration above 33 ppb than below that threshold. Thus, IS might be associated with ozone concentrations above that level.
Discussion
The present study shows IS onset patterns for each time interval according to quartile and lower and upper median groups of temperature and air pollution concentrations. Our results accord with those of previous studies that reported higher rates of IS occurrence in the morning. [31, [33] [34] [35] We also observed an abrupt decrease in IS occurrence from 10:00 to 11:59 and a gradual slight increase in IS onset from early afternoon to late afternoon. We found a significant association between higher IS occurrence and upper median O 3 concentrations between 13:00 and 16:59. We observed that the effect of O 3 remained significant during that time, compared with the other time periods, after including temperature, PM 10 , and other risk factors in the logistic model. In addition, there was a tendency toward higher IS occurrence in the higher O 3 group in the afternoon, which increased gradually from 13:00-13:59 and peaked from 16:00-16:59. We also found a tendency for higher IS occurrence in the lower median groups of PM 10 . However, we found no significant association between IS occurrence and PM 10 concentrations. These findings are in line with a recent meta-analysis [36] that reported that PM 10 showed non-significant associations with hospital admission for IS. O 3 shows definite diurnal variation. According to the Climate and Air Quality Management Division of South Korea, O 3 concentration begins to increase after sunrise, 08:00-09:00 h, and attains its maximum level in the afternoon at 14:00-15:00 h. During the late evening hours, 18:00-20:00 h, the surface O 3 concentration tends to decrease and reaches a minimum. High temperatures, solar radiation, and longer sunshine duration lead to higher concentrations of Many studies have reported an association between IS occurrence and O 3 concentration, [15] [16] [17] [18] [19] [20] [21] and most studies have described short-term effects (0-2 day lag) for O 3 on IS occurrence. [16, [19] [20] [21] On the other hand, some studies found that IS occurrence was not associated with O 3 . [22] [23] [24] [25] [26] However, all of those studies investigated the relationship between IS occurrence or mortality and O 3 using daily O 3 values (average, 8-hour, or 1-hour maximum or interquartile range increase). As explained above, we think that our 24-hour time series study is more meaningful for an evaluation of the direct and immediate effect of O 3 on IS occurrence because O 3 concentrations vary dramatically from morning to afternoon. Although we found a slight increase in IS occurrence during the high O 3 period in our study, we found higher proportions of high O 3 concentration groups than low O 3 groups among the total IS occurrences in the high O 3 period. In addition, the higher O 3 groups in the high O 3 period showed a significant association with higher IS occurrence relative to the lower O 3 groups when compared with the other time periods. In our study, IS occurrence showed a gradual increase in the group with higher levels of O 3 from around 13:00 and reached a peak during the period from 16:00-16:59. This finding suggests that IS occurrence might increase depending on exposure time to higher O 3 concentrations during periods of high levels of O 3. We classified O 3 at the time of stroke onset from 13:00 to 16:59 by the median (33 ppb) of the average hourly O 3 for every month during the study period during the same time intervals. However, 33 ppb of O 3 was the median of O 3 from 13:00 to 16:59 for the study period. Therefore, it is unclear whether O 3 above 33 ppb during a high O 3 period really affects IS occurrence. A study in the USA [14] reported that the ambient concentration-response relationship for O 3 showed evidence of a threshold at a little over 30 ppb. In other words, adverse health effects exist above that threshold. Similar findings were reported by a more recent study in Korea and Japan. [13] Those authors reported that the range of Japanese and Korean city thresholds for a link between the daily mean ambient O 3 concentration and the daily number of non-accidental deaths was from 11 to 34 ppb. The same city-combined analysis also showed a non-linear association with a threshold of 30-40 ppb with a 0-1 day lag. In addition, Ren et al. [12] reported short-term effects for O 3 on stroke mortality. They found that exposure to O 3 was strongly associated with mortality in diabetes and stroke, associated a little more strongly with respiratory disorders, and weakly associated with heart disease, such as myocardial infarction or cardiovascular diseases. Our study also showed higher IS occurrence in the upper median group (>33ppb of ozone) in the top-tiered ozone concentration during the period from 13:00 to 17:00. Therefore, we hypothesize that an O 3 concentration of just over 30 ppb might have some effect on stroke occurrence. Some pathophysiological hypotheses could explain our findings. Devlin et al. [38] demonstrated O 3 -induced changes in several markers associated with fibrinolysis in response to fibrin deposition in 23 healthy young volunteers. They reported that a small increase in tissue-type plasminogen activator was seen immediately after a 2-hour exposure to ozone. Although O 3 concentrations in the high O 3 period in our study were not high as the O 3 exposure (0.3 ppm) over 2 hours in that study, the subjects in that study were exposed to high levels of ozone for only 2 hours, in contrast to real-life situations that would involve much lengthier ozone exposures. A study in Canada [39] reported that short-term inhalation of fine particulate (PM 2.5 ) air pollution and ozone at concentrations that occur in urban environments caused acute conduit artery vasoconstriction. These vasoconstrictor effects might induce obstruction in a stenotic artery, giving rise to ischemia, or trigger the rupture of an unstable atherosclerosis plaque. The mostly older patients in our study with vascular disease might be predisposed to thromboembolic episodes. Dales et al. [40] found a significant association between exposure to O 3 and venous thrombosis in a study in the Netherlands, [41] which reported that exposure to air pollutants such as O 3 was associated with increased platelet aggregation and thrombin generation.
We observed higher IS occurrence in lower O 3 concentrations during the period from 05:00 to 09:00. Ozone forms through the splitting of nitrogen dioxide by sunlight to provide the primary source of the oxygen atoms required for O 3 formation. [42] Sunlight splits nitrogen dioxide into nitric oxide and an oxygen atom (NO 2 + sunlight ! NO + O). A single oxygen atom then combines with an oxygen molecule to produce O 3 (O 2 + O ! O 3 ). Therefore, there is an inverse diurnal relationship between O 3 and nitrogen dioxide. [43] The study also showed higher concentrations of both carbon monoxide and PM 2.5 during the period from 05:00 to 09:00. A recent meta-analysis [25] reported that PM 2.5 , nitrogen dioxide, and carbon monoxide were associated with the risk of hospital admission for stroke. However, PM 10 was not significantly related to the risk of stroke admission. We think higher concentrations of PM 2.5 , nitrogen dioxide, and carbon monoxide, which are inversely related to ozone, might be significantly associated with higher IS occurrence between 05:00 and 09:00.
Generally, IS occurrence tended to rise slightly in the high temperature group (upper median group). Tsai et al. [17] reported that O 3 showed a significant association with IS occurrence on warm days. In addition, we found no positive association between IS onset and higher PM 10 concentrations. Xiang et al. [44] explained that the main reason for higher PM 10 levels in cold temperatures are air stagnation caused by light wind, lack of precipitation, and formation of an inversion layer. These conditions make it hard for air-suspended particles to diffuse to higher altitudes. Therefore, we assume that PM 10 levels might have been relatively low on the relatively warm days on which stroke occurred in our study. A recent meta-analysis [45] reported that PM 2.5 and PM 10 were associated with higher total cerebrovascular disease mortality, whereas those pollutants showed inconsistent, non-significant associations with hospital admission for IS.
Our study has some limitations. First, it is from only one region, and the generalizability of our findings is therefore limited. However, population characteristics, including exposure levels and socioeconomic factors, are likely to be more homogenous within small geographical areas. [46] Therefore, studies covering a larger region have inevitable data inconsistency issues, as well as a lack of weather and environmental homogeneity. Shah et al. [25] reported that many studies measured concentrations of air pollution at remote monitoring sites, and therefore some degree of misclassification of exposure is likely in those studies. Second, personal exposure to pollutants might differ from pollutant levels at fixed outdoor monitoring stations. Older people might have disabilities or limited mobility and thus could spend most of their time indoors. According to the Ministry of Health and Welfare in Korea, as lifespan has increased with medical advances in Korea, older people in Korea have shown greater interest in activities such as golf, mountain climbing, light jogging, and other outdoor activities. Some studies have reported that O 3 levels were positively correlated with IS occurrence at a 0-or 1-day lag in the elderly. [16, 19, 20] The third limitation is the possibility of stroke onset time error. However, most unclear-onset patients redistributed to the time between 13:00 and 16:59 had less than 3 hours of time between their last certain normal time and their first abnormal time. Therefore we think this error was unlikely to have skewed the main findings, though it might have decreased the statistical power. Finally, we could not evaluate the lag-day effect of O 3 levels on IS occurrence. However, most studies [16, [19] [20] [21] have found that O 3 was associated with IS occurrence with a 0-to 1-day lag. Therefore our study would show the immediate O 3 effect on IS occurrence with a 0-day lag.
In conclusion, we demonstrated IS onset patterns for each time interval based on hourly temperature and air pollution concentration data for the day of stroke occurrence, and we classified those values using their averages across the study period. Our results suggest that exposure to O 3 during periods of high O 3 concentration, such as from 13:00 to 18:00, might be associated with higher IS occurrence. Our study of 24-hour time series data to evaluate the effect of diurnal variation of O 3 on IS occurrence extends understanding of the association between stroke occurrence and environmental influences.
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